As part of a larger taxonomic investigation of the genus Capnocytophaga, 50 strains, including reference strains as well as clinical isolates, were subjected to multilocus enzyme electrophoretic (MLEE) analysis of 12 intracellular metabolic enzymes and characterization of their immunoglobulin A1 (IgAl) proteases by enzyme-neutralizing antibodies raised in rabbits. The dendrogram derived from cluster analysis of the MLEE data discriminated between the five known human Capnocytophaga species and separated the strains into two major divisions. Division A comprised C. gingivalis and C. granulosa strains, and division B comprised C. ochracea, C. sputigena and C. haemolytica strains. Immunoglobulin A1 (IgAl) protease activity, a known feature of C. ochracea, C. sputigena and C. gingivalis, was present in all strains except the type strain of C. haemolytica and two clinical isolates. Inhibition typing of l g A l proteases of all active strains with enzyme-neutralizing antibodies against protease preparations of the type strains of C. ochracea, C. sputigena and C. gingivalis separated the strains into two major groups identical to the two divisions based on the MLEE data. Thus, the l g A l proteases of C. granulosa and C. gingivalis seemed to be antigenically similar to one another, and different from the l g A l proteases of C. ochracea and C. sputigena, which had similar characteristics. The clustering of the clinical isolates based on the MLEE analyses, which was confirmed by the antigenic characterization of l g A l proteases, was in good agreement with the results of previous studies.
INTRODUCTION
Capnoytophaga species comprise Gram-negative capnophilic rods, the majority of which are members of the resident oral microflora (Leadbetter e t al., 1979 ; Holdeman e t al., 1985 , Brenner e t al. 1989 Yamamoto e t al., 1994) . Early studies suggested them to be periodontal pathogens on the basis of increased proportions associated with the development of gingivitis and juvenile periodontitis (Moore et al., 1982 (Moore et al., , 1984 Savitt & Socransky, 1984; Mashimo et al., 1983; Slots, 1976; Newman et al., 1976) . Later comparative studies have questioned this (Holdeman e t al., 1985; Dzink et al., 1988) 
and even
Abbreviations: ET, electrophoretic type; MLEE, multilocus enzyme electrophoresis.
suggested C. ochracea to be a beneficial species correlated with health and periodontal treatment success (Dzink et al., 1988) . Members of the genus have, however, been isolated from other infections in both immunocompromised and immunocompetent hosts, where the oral cavity has been the presumed source of the bacteria (Parenti & Snydman, 1985) . The discrepant conclusions regarding the pathogenicity of Capnocytophaga species may be due to an uneven distribution of virulence factors among the species (Irving e t al., 1978; Laughon e t ak., 1982) and to an uncertain species differentiation. The genus Capnoytophaga was described in 1979 to comprise C. ochracea, C. Sputigena and C. gingivalis on the basis of morphological, physiological and DNA base composition and sequence homology analyses (Leadbetter e t al., 1979; Holt e t a!., 1979; Socransky et al., 1979; Williams & Hammond, 1979) . However, Shah & Collins (1980) and Collins et al. (1982) questioned the definition of the three species but confirmed the existence of a heterogeneous genus based on DNA base composition and lipid analyses. On the other hand, Speck e t al. (1987) , using DNA homology and lipid analyses, confirmed the existence of the three species, but reported unsuccessful differentiation of isolates at species level by use of phenotypic tests, a finding also reported by others (Laughon e t al., 1982; Kristiansen e t al., 1984; Khwaja e t a/., 1990) . The need for studies to clarify the intra-generic status of Capnoytopbaga was stressed in these investigations. This has become even more evident by the recent description of two new species from human supragingival plaque, i.e. Capnoc_ytopbaga baemohtica and CapnocJytopbaga grandosa (Yamamoto e t al., 1994) . (Khwaja et al., 1990; Wilson e t al., 1995) .
METHODS
Bacterial strains. The 50 strains of Capnoytophaga included in the study (Table 1) were cultivated on Plaque agar (Jensen e t al., 1968) .
MLEE.
The analysis was performed as described by Selander e t al. (1968) . Bacterial extracts were prepared as described by Frandsen et al. (1995) lgAl degradation and cleavage pattern. Human dimeric IgAl was isolated from serum of a patient (Kah) with multiple myeloma as previously described (Frandsen, 1994) . Bacterial colonies from agar plates were suspended in 40 p1 of a 1 mg ml-' solution of IgAl and tested for degradation of IgAl after 24 h by immunoelectrophoresis as described by Kilian (1 981).
IgAl (Kah) digested by the type strains of the five Capnoytophaga species, and by Prevotella oris (BEF 4 = ATCC 33573T, from J. Carlsson, University of Umeb, Umeb, Sweden), Prevotella buccae (BEF 5 = ATCC 33574T, from J. Carlsson) and Prevotella melaninogenica (ATCC 25845T) was examined by SDS-PAGE as previously described (Frandsen e t a/., 1987).
Characterization of the IgAl-degrading enzyme from C.
granulosa. Experiments with protease inhibitors were carried out as previously described (Frandsen et al., 1987) . Briefly, bacteria were preincubated with the inhibitor or an equal amount of buffer for 90 min at 37 OC, after which the IgAl substrate was added, and the reaction mixture reincubated overnight at 37 OC and examined by immunoelectrophoresis. The human physiological proteinase inhibitor a,-macroglobulin was kindly provided by Dr Lars Sottrup-Jensen, Institute of Molecular Biology, University of Aarhus, Denmark. The other chemicals were obtained from Sigma.
Antigenic characterization of lgAl proteases. Protease preparations were made from all strains by the method of Higerd e t al. (1977) and kept in 0.01 M phosphate buffer containing 0.85 % NaCl and 0-05 % NaN, (pH 7.4). One unit of enzyme activity was defined as the lowest concentration inducing complete cleavage of the substrate as detected by immunoelectrophoresis.
Antisera were raised in rabbits against protease preparations from the type strains of C. ochracea, C. sputigena and C. gingivalis as previously described (Frandsen et al., 1987) . The immunoglobulin fraction was isolated from the sera as described by Harboe & Ingild (1983) with the omission of gel filtration.
For inhibition typing, 1 vol. protease preparation, adjusted to 1 unit of enzyme activity in the reaction mixture, was preincubated for 90 min at 37 "C with 1 vol. serially diluted antiserum. A parallel sample of protease incubated with buffer served as control. Substrate IgAl (Kah) was added and the reaction mixtures were further incubated for 24 h at 37 O C , after which they were examined by immunoelectrophoresis.
RESULTS
The 50 strains included in the study comprised 
Genetic diversity and relationships revealed by MLEE analysis
All 50 strains were characterized by the electrophoretic mobility of 12 intracellular metabolic enzymes (detailed data are available from the authors upon request). However, data from only 42 strains were included in the calculations and construction of the dendrogram, because several strains originated from the same parent strain (and were thus represented more than once from different sources). All strains representing the same parent strain (see Table 1 ) gave identical mobility patterns for all enzymes.
The enzyme hexokinase was monomorphic, when present (see below), while the remaining 11 enzymes were polymorphic, with t w o t o nine alleles per locus (Table 2) .
T h e mean number of alleles per locus was 4.5 and the mean genetic diversity per locus was 0.56. A total of 37 ETs, each characterized by a distinct combination of electrophoretic mobility of the 12 enzymes, was identified. Five E T s were represented by t w o strains, whereas the remaining 32 ETs contained one strain (Fig. 1) . The genetic distance between ETs calculated as the proportion t The mean genetic diversity for all enzyme loci was 056.
$ This allele was a null-allele that was not treated as missing data, as explained in Results.
of the 12 enzyme loci at which dissimilar alleles were present was used to construct the dendrogram shown in Fig. 1 . The smallest genetic distance between ETs was 0.085, corresponding to a single difference among the 12 enzymes analysed.
The dendrogram revealed two major lineages, termed divisions A and B, separating at a genetic distance of 0.93, and including 9 and 33 strains, respectively (Fig. 1) . The major subdivisions of divisions A and B segregated at a genetic distance of 0-54 and each of the five subdivisions contained only reference strains of one species. Division A divided into subdivisions A-1 and A-2. In addition to the type strain of C. gingivalis (ATCC 33624T in ET 4), subdivision A-1 included strain 892-8 (ET 6), which had previously been assigned to C. gingivalis based on DNA homology analysis (Speck et al., 1987) , 1987) . Subdivision B-3 comprised the type strain C. haemobtica (A0404T in ET 38). Hexokinase (HEX) was absent in strains clustering in division A, which included C. gingivalis strains and the type strain of C. granulosa. Therefore, this null-allele was not treated as missing data in the analysis of this enzyme.
Glutamic-oxalacetic transaminase (GOT) was only present in strains clustering in division A, for which reason absence of enzyme activity was not treated as missing data in the analysis of this enzyme either.
lgAl protease activity
Strains W331, W1495, and the type strain of C. haemobtica (A0404T) failed to degrade IgAl as revealed by immunoelectrophoresis, and assays with new preparations of concentrated extracellular extracts did not reveal any enzyme activity. All other strains had detectable IgAl protease activity (Fig. 1) . In SDS-PAGE analysis, reduced samples of IgAl digested by the type strain of C. granulosa (B0611T) were compared to IgAl digested by type strains of Prevotella representing the three previously observed degradation patterns (Frandsen e t al., 1987) ( Fig. 2a) and to IgAl digested by type strains of Capnogtophaga (Fig.  2b) . The light chain of the IgAl molecule, identified on the gel by comparison with reduced, intact IgA1, was left intact by all strains. The a-chain was cleaved into two fragments, one with an apparent M, of 29 000, which was identical for all strains, and one whose apparent Mr varied between species, but was identical (38-39000) for C. granulosa (B0611T), Prevotella buccae ( Fig. 2a) and C. gingivalis (Fig. 2b) .
Characterization of the lgAl protease activity of C. granulosa B0611T by protease inhibitors EDTA (10 and 100 mM) and bathocuproine disulfonate (10 mM) but not iodoacetamide (1 mM) inhibited the IgAl protease activity of C. granulosa, which indicated that the enzyme is a metalloproteinase (Morihara, 1974 enzyme activity was not influenced by the physiological protease inhibitors a,-macroglobulin and a,-proteinase inhibitor.
Antigenic characterization of lgAl proteases from Capnocytophaga stra ins
The antiserum raised against C. ochracea IgAl protease inhibited the enzyme activity of all strains but one, namely C. gingivalis 892-8 (Fig. 1) . However, the inhibition titre was generally higher for strains clustering with C. ochracea and C. spntigena in division B of the dendrogram based on MLEE analysis, than for strains clustering with C. gingivalis and C. grantrlosa in division A. The antiserum raised against C. sptltigena IgAl protease only inhibited the enzyme activity of strains clustering in division B (Fig. 1) . The antiserum raised against C. gingivalis IgAl protease inhibited only strains clustering in division A, except for strain N43 from division B, which was partially inhibited by undiluted antiserum (Fig. 1) . Thus, the IgAl proteases of C. ochracea and C. sputigena seemed to be antigenically similar, and different from those of C. gingivalis and C. grandosa, which had similar characteristics.
DISCUSSION
The dendrogram constructed from cluster analysis of the MLEE data confirmed the existence of five human Capnocytopbaga species, which segregated at a genetic distance of 0.54 (Fig. 1) . The reliability of the dendrogram was supported by the clustering of several strains that had previously been assigned to one of the three original Capnocytophaga species based on DNA homology analysis (Speck e t al., 1987) . The relationships between the species suggested by the clustering of C. gingivalis and C. grandosa in division A and C. ochracea and C. spzhgena in division B
were supported by the antigenic characterization of the IgAl proteases. The enzymes from C. gingivalis and C. grandosa strains were antigenically similar and distinct from the enzymes of C. ocbracea and C. spzltigena strains, which showed similar inhibition patterns. All clinical isolates were divided into the same two major groups based on the MLEE analysis and the antigenic characterization of their IgAl proteases. None of the clinical isolates clustered with the type strains of C. grandosa and C. baemobtica. More strains of C. baemobtica and C. granzllosa are needed to confirm the ability of MLEE to distinguish these two species from the other Capnocytopbaga species.
The majority of strains in this study were also used in two previous taxonomic studies, the data of which are presented in Fig. 1 (Khwaja e t al., 1990; Wilson e t al., 1995) . The type strains of the two newly described species, C. grandosa and C. baemobtica, were not included in these studies. Khwaja e t al. (1990) applied numerical taxonomy to protein profiles of 97 strains. The type strains were located in different clusters segregating at the 78 % similarity level, but additional clusters were observed. Wilson et al. (1995) produced two dendrograms based on RFLP analysis of PCR-amplified 16s rRNA gene sequences of 33 strains of Capnocytopbaga, Three major clusters were observed, each including a type strain. Thus, the separation of the genus Capnocytopbaga into at least three species was confirmed in both studies and in the present study. Only two and three discrepancies were observed between the MLEE-based and the RFLP-based dendrograms. It is, however, disturbing that five discrepancies were observed between the MLEE-based and the protein-profile-based dendrograms. Likewise, seven and six discrepancies were observed between the RFLPbased and the protein-profile-based dendrograms (Table  3) . This questions the reliability of protein-profile-based dendrograms for taxonomic investigations of the genus Capnocytopbaga, although such dendrograms have previously been of value for other bacterial genera with regard to both taxonomy (Jackman, 1985 ; Kersters, 1985) and species identification (Moore et al., 1980 , 1987) . The cleavage site has been identified by amino acid sequencing for P. melaninogenica (ATCC 25845T) and C. ocbracea (CCUG 9716 = ATCC 27872T) to be the Pro-Ser bond between residues 223 and 224 in the hinge region of the a1 chain (Mortensen & Kilian 1984; Kilian 8c Reinholdt, 1985) . The close relationship between the C. grandosa and the C. gingiva1i.r IgAl proteases was substantiated by their similar inhibition pattern following antigenic characterization (Fig.  1) . The IgAl protease from C. granzllosa further resembled the other Capnocytopbaga IgAl proteases by having characteristics of a metalloproteinase that is not inhibited by the two predominant physiological proteinase inhibitors, a,-proteinase inhibitor and a,-macroglobulin. Consequently, the C. grandosa enzyme may be expected to be active in vivo like all other Prevotella and Capnocytopbaga IgAl proteases.
The antigenic characterization confirmed previous observations of apparent similarity of the C. ocbracea and the C. sputigena IgAl proteases, while the IgAl protease from C. gingivalis was antigenically distinct (Frandsen e t al., 1987) . The titration of antisera in the present study did not reveal new major differences. Variations in inhibition titres ( Fig.  1) could be due to antigenic variations as well as the method employed for titre determination, which relied upon visual inspection of the immunoelectrophoretic pattern. $ The protein-profile-based cluster did not contain the type strain of C. ocbracea, but all strains tested from this cluster have clustered with C. ocbracea in the MLEE-and RFPL-based dendrograms.
Although the present study confirmed the existence of five human Capnocytophaga species, reliable phenotypic differentiation between the species has been a major problem. Kristiansen e t al. (1984) , Speck e t al. (1987) and Khwaja et al. (1990) did not find the differential tests published by Socransky e t al. (1979) useful. Speck et al. (1987) concluded that in general, reports on the prevalence and clinical significance of individual Capnocytophaga species are of little value, if the species differentiation is not based on genetic data. The present study and previous taxonomic investigations of the genus Capnocytophaga (Kwaja et al., 1990 ; Wilson e t al., 1995) encompass a range of techniques that have produced essentially similar groupings. These methods offer credible alternatives for strain characterization within the genus Capnocytophaga. The strains examined in the present study are of known species affiliation and may provide the basis for examining the reliability of more easily performed tests for species differentiation.
